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PREFACE 

The work covered in the following report was completed with financial support from the 
Eye-Com, Corp. The work covered in this report began in December of2011 and was 
completed in May of2012. It includes a summary of a research study designed to 
examine the relationship of various oculometrics with objective performance during a 
40-minute vigilance task. Ultimately, the goal was to fmd an alternative physiologic 
metric capable of detecting changes in vigilance performance in military aviation 
settings. 
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SUMMARY
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1.0 INTRODUCTION

Sustained attention and vigilance are important issues in today' s military operational 
environment. The widespread use of unmanned aerial systems and increased automation 
throughout the military environment has led to a need of staying vigilant for long periods of time 
in static environments. It is well established in the cognitive performance literature that operator 
performance on tasks requiring sustained attention or vigilance degrades with time; this is known 
as the "vigilance decrement" (Hitchcock, Warm, Matthews, Dember, Shear, Tripp, Mayleben, & 
Parasuraman, 2003). During the vigilance decrement, critical errors are made that can have 
severe or even deadly consequences in these environments (Hawley, 2006). This leads to an 
increasing need to employ an unobtrusive way to monitor operator vigilance in these settings. 

These sometimes devastating lapses in attention are possibly due to the monotonous and 
sometimes boring nature of these careers (Frankmann & Adams, 1962; Nachreiner & Hanecke, 
1992). Various eye metrics have long been associated with arousal levels; therefore, we 
hypothesize that with the use of a wearable eye-tracking system we may be able to find some 
oculometrics that correlate with decreases in vigilance performance. In fact, the use of eye 
tracking technology is employed regularly in the trucking industry to monitor driver arousal 
because performance becomes less consistent and vigilance deteriorates as a person's sleepiness 
increases (Dinges, 1990). Several researchers have found that eye tracking technologies can 
detect fatigue, boredom, and lapses in attention (Dinges, Mallis, Maislin, & Powell, 1998; Russo 
et al., 1999). Specifically, reduced alertness has been found when eye blinks are longer in 
duration (Stem, 1999). Another metric that provides alertness information, especially in the 
trucking industry, is PERCLOS (percentage of eye closure). In fact, PERCLOS is the most 
widely used measure of real-time alertness in this industry (Dinges & Grace, 1998; Mallis et al., 
1999). However, these findings are the result of studies on sleep-deprived participants who are 
not tested on vigilance tasks. 

While research on eye tracking is not as extensive as in the fatigue literature, studies using 
laboratory vigilance tasks have found some promising results using oculometrics to detect 
attentionallevels. Several studies have indicated that eye gaze is necessary for attention (Blake 
& Sekuler, 2006; Kramer & McCarley, 2003; Palmer, 1999); therefore, eye movements may be 
closely related to our attentionallevels. For example, some have found that participants not sleep 
deprived who are placed in a well-lit room but asked to do a boring repetitive task, similar to our 
task, will mimic the pupil dilations of a sleep deprived individual placed in a dark room 
(Nishiyama, Tanida, Kusumi, & Hirata, 2007; Warga, Ludtke, Wilhelm, &Wilhelm, 2009). In 
both instances the pupils dilate initially before becoming miotic (Lowenstein, Feinberg, & 
Lowenfeld, 1963; Ludtke et al., 1998). Beatty (1982) tested this finding with an auditory 
vigilance task and found that pupil diameter decreased as a function of time-on-task. In a 
previous study we found that the oculometrics of blink duration, blink frequency, PERCLOS, 
pupil diameter, pupil velocity, and pupil eccentricity could be indicators of vigilance task 
performance (Mcintire, McKinley, Goodyear, Merrit, Griffin, Mcintire, & Bridges, 2011). These 
various fmdings coupled with the extensive amount of research with sleep deprived individuals 
lead us to believe that oculometrics may provide a reliable method for assessing operator 
vigilance. In this study we will attempt to replicate our previous findings using a more real-world 
relevant task in order to determine if the similar results can still be found operationally. 
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2.0 METHOD, ASSUMPTION AND PROCEDURES

2.1 Participants

2.2 Equipment

2.2.1 Eye-Tracker



Figure 1. Eye-Com Eye Tracker

2.2.2 Personality Inventory and Demographic Questionnaire

2.2.3 Vigilance Task 



Figure 2. Cyber Defense Task

2.2.3.1 Vigilance tasks are very sensitive 



2.3 Procedures

2.4 Data Analysis 
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3.0 RESULTS

3.1 Analysis for Day and Time 

Table 1. ANOVA Results for Day and Time
Day Time Day*Time

Dependent Variable DF DFe F p DF DFe F p DF DFe F p

Table 2. LSMeans for each Day and Time. SEM is approximate standard error for each LSMean
Time (min)

Dependent Variable Day 10 20 30 40 SEM



3 199.4 213.4 220.3 217.6 
4 1200.7 1210.9 I 217.4 I 22!.8 
I 188.2 193.9 1203.0 1204.2 

Right Blink Duration (ms) 
2 190.4 197.7 1210.9 I 211.1 

6.0 
3 192.7 1206.9 1209.9 1208.7 
4 195.6 208.1 212.2 211.8 
I 4.29 6.26 7.47 6.56 

Left PERCLOS 
2 3.97 5.37 7.00 7.66 

1.29 
3 4.03 5.10 6.02 5.70 
4 4.46 4.84 5.45 7.00 
I 3.89 5.14 5.79 6.06 

Right PERCLOS 
2 3.36 4.36 5.91 6.60 

1.12 
3 4.22 5.54 6.01 5.90 
4 3.59 4.09 4.20 4.68 
I 8.61 8.32 8.26 8.22 

Left Pupil Diameter (mm) 
2 8.53 8.33 8.30 8.28 

0.13 
3 8.37 8.19 8.17 8.19 
4 8.26 8.08 8.07 8.08 
I 8.63 8.35 8.27 8.24 

Right Pupil Diameter (mm) 
2 8.53 8.23 8.22 8.24 

0.14 
3 8.38 8.20 8.17 8.18 
4 8.44 8.28 8.25 8.23 
I I 0.523 I 0.540 I 0.544 I 0.551 

Left Pupil Eccentricity 
2 I 0.528 I 0.552 I 0.554 I 0.549 

0.015 
3 I 0.525 I 0.540 I 0.548 I 0.549 
4 I 0.519 I 0.533 I 0.542 I 0.549 
I I 0.487 I 0.507 I 0.511 I 0.512 

Right Pupil Eccentricity 
2 I 0.488 I 0.514 I 0.515 I 0.508 

0.014 
3 I 0.490 I 0.506 I 0.510 I 0.508 
4 I 0.470 I 0.488 I 0.496 I 0.500 
I I 0.268 I 0.299 I 0.336 I 0.353 

Left Pupil Velocity (degls) 
2 I 0.282 I 0.321 I 0.357 I 0.386 

0.023 
3 I 0.262 I 0.294 I 0.313 I 0.323 
4 1 0.258 1 0.284 1 0.316 1 0.340 
I I 0.257 I 0.288 I 0.326 I 0.347 

Right Pupil Velocity ( degls) 
2 10.210 1 0.307 1 0.340 I 0.371 

0.022 
3 I 0.252 I 0.283 I 0.304 I 0.313 
4 1 0.250 10.276 1 0.309 1 0.331 

The Day of data collection had a significant effect on Percent Hits for the graphical portion of 
the task as well as Left Pupil Diameter (Table 1 ). Percent Hits increased as the participation day 
progressed (Figure 3). Left Pupil Diameter was also statistically significant for the effect of Day 
(Figure 4). On Day 1 average diameter was 8.35 mm (SEM = 0.12) and Day 4 the average 
diameter for the left eye was 8.12 mm (SEM = 0.12). 
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Figure 3. Percent Hits Across Time, by Day 

Figure 4. Left Eye Pupil Diameter Across Time, by Day

Figure 5. Left and Right Eye Blink Frequency Across Time, by Day 
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Figure 6. Left and Right Eye Blink Duration Across Time, by Day 

Figure 7. Left and Right Eye PERCLOS Across Time, by Day 
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Figure 8. Left and Right Eye Pupil Diameter Across Time, by Day 

Figure 9. Left and Right Eye Pupil Eccentricity Across Time, by Day 

Figure 10. Left and Right Eye Pupil Velocity Across Time, by Day 
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3.2 Correlations

Table 3. Pearson Partial Correlations Controlling for Subject
Percent Hits

Decrement No Decrement
Variable Correlated With r p r p

Figure 11. Mean Percent Hits and Left and Right Eye Blink Frequency Across Time, by Day 
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Figure 12. Mean Percent Hits and Left and Right Eye Blink Duration Across Time, by Day

Figure 13. Mean Percent Hits and Left and Right Eye PERCLOS Across Time, by Day

Figure 14. Mean Percent Hits and Left and Right Eye Pupil Diameter Across Time, by Day
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Figure 15. Mean Percent Hits and Left and Right Eye Pupil Eccentricity Across Time, by Day 

Figure 16. Mean Percent Hits and Left and Right Eye Pupil Velocity Across Time, by Day

3.3 Personality and Demographics
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Table 4. Personality Results (asterisk denotes statistical significance at an alpha level of .05)
Measure Neuroticism Extraversion Openness Agreeableness Conscientiousness

r

p

Table 5. Personality and Demographics (asterisk denotes statistical significance at an alpha level of 
.05; double asterisks denote significance at an alpha level of .01)

Measure Age Gender Early Bird / Night Owl

r

p

r p[two-tailed]

4.0 DISCUSSION

4.1 Oculometrics  



environments such as air traffic controllers, cyber operators, imagery analysts, unmanned aerial 
systems operators, and TSA inspectors that are known for the sometimes monotonous aspects of 
these positions. 

The results for blink frequency, blink duration, and PERCLOS found that as attention decreased 
(performance declined) there was an increase in these oculometrics. This indicates that poor 
attention to a task could be measured by an increase in blink rate, longer blink durations, and a 
longer amount of time spent with the eyes closed. We found this same effect in a previous study 
using a potentially less operationally relevant task (Mcintire et al., 2011 ). The correlations were 
stronger for the previous study in all eye metrics but we believe this is just a reflection of 
increased variance moving away from a strictly controlled laboratory task to a more real-world 
relevant task with more potential sources of variance (Mcintire et al., 2011). It is interesting to 
note that results for this current study indicate that Right Blink Frequency was the only metric to 
not significantly interact with Percent Hits for the Decrement group but it did for the No 
Decrement group. In the previous study, our results indicated that performance had a significant 
effect on blink frequency in the right eye only for the decrement group (Mcintire et al., 2011). 
While no definitive explanation can be offered and because people do not typically blink their 
eyes independently of one another, we should note our observation that people would completely 
close one eye and attempt to do the task with just one eye open as the task progressed probably 
as a countermeasure to fight task-induced fatigue. We should also note that in the decrement 
group, both eye blink frequency measures were negatively correlated with performance 
(although only the left eye correlation was statistically significant). The opposite pattern 
occurred in the no decrement group, in which both eye blink frequency measures were positively 
correlated with performance (again, only one eye's correlation was significant). These results are 
suggestive of potentially low statistical power or small effect sizes, which may have been 
hampered by missing data and by splitting our overall results into two separate analyses (the 
decrement versus no decrement groupings). Whatever the explanation for these asymmetrical 
findings across the eyes, more research would be necessary into this particular eye metric before 
it could be recommended for implementation into a monitoring system. 

Others have examined blink frequency and duration during a vigilance task and have consistently 
found an increase in these metrics as a function of time-on-task (Carpenter, 1984; Funke, 2011; 
Morris & Miller, 1996; Schroder & Holland, 1968). Similarly, Brookings, Wilson and Swain 
(1996) found that when participants were paying attention and concentrating on a hard high­
workload task their blink rates would decline but when workload levels decreases their blink 
rates increased. This evidence leads us to believe this metric is still of possible use with more 
research on more operationally relevant tasks and environments. 

On the other hand, PERCLOS appears to be one of the best metrics available for monitoring 
vigilance according to this study and our previous study (Mcintire et al., 2011). Specifically, 
PERCLOS negatively correlated with performance and appears to mimic the fluctuations in 
performance for the Decrement group. Other research also indicates that PERCLOS is a useful 
indicator of performance declines induced by time-on-task fatigue (Dinges & Grace, 1998). 
Furthermore, studies have also shown that PERCLOS will change in response to changes in 
cognitive workload (Kawashima, O'Sullivan, & Roland, 1995; Marshall, 2007). 
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The one oculometric that positively correlated with performance was pupil diameter. Pupil 
diameter decreased as the number of critical signals detected also decreased. When pupil 
diameter is small the pupils are said to be miotic. Miosis occurred in our previous study as well 
as other studies on attention (Lowenstein, Feinberg, & Lowenfeld, 1963; Ludtke, et al., 1998; 
Mcintire et al., 2011). These studies indicate that during miosis a participant's performance is at 
its worst (Nishiyama et al., 2007; Tsai et al., 2007). Therefore, several previous studies that also 
found a decrease in pupil diameter suggest that pupil diameter may be an indicator of poor 
attention (Nishiyama et al., 2007; Warga et al., 2009), which is consistent with our findings from 
both studies. 

As performance on the task decreased an increasing pupil velocity was found. Because our pupil 
velocity never surpassed 3 degrees per second our observations were classified as microsaccades, 
as opposed to the larger and more familiar saccades. This is consistent with findings from our 
previous study (Mcintire et al., 2011). We believe our observations are unlikely to be full 
saccades because the viewing window for the critical signals is so small that full saccades are not 
necessary to perform well on the task. Saccadic velocity does appear to be related to attention not 
only through our research but by others as well. Galley (1989) found that tasks requiring high 
levels of vigilance increased participant's saccadic velocity. In fact, the oculomotor readiness 
hypothesis states that the movement that controls attention, fixation, and saccades belongs to the 
same neural circuitry (Rizzolatti, Riggio, Dascola & Umiltli, 1987); therefore, attending to a 
certain location should result in faster saccades (Hoffinan & Subrarnaniam, 1995). Our results of 
increasing microsaccades with time-on-task could be indicating that the participant is trying to 
attend to the task more because they are aware of their decreasing arousal levels. It is important 
to note that pupil velocity significantly interacted with the No Decrement group as well 
(although the correlations were in opposite directions across groups). More research is needed 
into this metric to determine exactly what information it is conveying about behavior. 

Pupil eccentricity was found to increase as the number of critical signals detected decreased for 
the Decrement group. This finding is also concordant with our previous study (Mcintire et al., 
2011). Pupil eccentricity is increasingly occurring because as closure of the eyes as indicated by 
blink duration, blink frequency, and PERCLOS increases with time-on-task, the pupils become 
more occluded by the eyelids causing their shapes to appear more elliptical than round to the eye 
image analysis software that calculates their shape (Liu, Sun, & Shen, 201 0). Furthermore, 
Lowenstein and Loewenfeld (1962) believe that pupil eccentricity is an indicator of arousal 
levels. In general, pupillary activity is used in fatigue research as an indicator of arousal levels 
because pupillary activity is considered the most observable indicator of autonomic nervous 
system activation (Goldich, Barkana, Pras, Zadok, Hartstein, & Morad, 201 0). Therefore, our 
findings on pupillary activity (pupil diameter, pupil eccentricity, and pupil velocity) coupled with 
findings from previous research lead us to believe that a good system to monitor sustained 
attention should include monitoring pupillary activity. 

As expected for our experiment, the factor of Time was significant for all oculometrics. As time­
on-task progressed blink frequency increased 25%, blink duration increased 38%, PERCLOS 
increased 58%, pupil diameter decreased 3%, pupil eccentricity increased 5%, and pupil velocity 
increased 32% for all subjects and sessions (i.e. not broken out into specific groups). These 
changes indicate that the eyes may reflect the changing attention levels throughout the task. The 
factor of Day also had a significant effect on Percent Hits for the graphical portion of the task. 
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4.2  Personality and Demographics 

Percent Hits increased as the participation day progressed (Figure 3). In other words, participants 
got slightly better at detecting the critical signals for this portion of the task with each new day of 
participation. This is likely to be a training or practice effect that is commonly observed in 
repeated measures experiments. 

DeVries & Van Heck (2002) found that higher scores on Openness and Neuroticism and lower 
scores on Extraversion and Conscientiousness were predictive of higher work-related fatigue in 
non-vigilance settings. And there is compelling previous support for the links between 
Neuroticism and Extraversion in the fatigue literature (DeVries & Van Heck, 2002). Our 
statistical results confirmed two of their four fmdings (regarding Openness and Conscientious­
ness) but failed to find significant correlations for the other two where the previous literature 
suggested a link (Neuroticism and Extraversion). It should be noted, however, that the trends for 
Neuroticism and Extraversion were both in the suspected causal direction and had associated p­
valuesjust above the significance level ofalpha=.OS. DeVries and Van Heck (2002) failed to 
find an effect of agreeableness on fatigue ratings, but somewhat surprisingly, we found a 
significant relationship between Agreeableness and vigilance performance. The data show that 
more agreeable persons (who are relatively more socially compliant, accommodative, 
cooperative, courteous, helpful, etc.) had better vigilance performance (they were less likely to 
get the decrement). The explanation may be as simple as this: the participants were simply highly 
motivated to do what was asked of them by the experimenters, because highly agreeable people 
are more likely to obey and be polite and helpful and to follow orders. More research on these 
topics is needed, either to refute or support these findings, and possibly to look further into the 
sub-facets of the FFM traits (there are six per domain). 

For our demographic data results, we found that the age of the participant had a strong 
correlation with vigilance performance. Essentially, younger persons were more likely to 
experience the vigilance decrement on any given day relative to older persons. Although 
previous research has also claimed a relationship between gender and fatigue, specifically with 
men being more resilient to the effects of fatigue (DeVries & Van Heck, 2002), thus suggesting a 
possible similar relationship with vigilance, we found no compelling evidence either way 
although the trend favored women. Admittedly, this finding is just fractionally non-significant 
potentially due to our sample size being rather small and skewed to over-representation of males 
with about 20% female volunteers; or 7 female participants in our current combined sample size 
of 36, so this trend might well disappear with further research. 

We also collected some demographic data in which participants self-classified into "Night Owl" 
types (people who prefer to stay up late and sleep in) versus "Early Birds" (people who prefer to 
go to bed early and awaken early). We found a very strong relationship between self­
classification of Early Birds/Night Owls and the propensity to incur a vigilance decrement on the 
days of testing. Specifically, we found that Night Owls are much more likely to demonstrate the 
vigilance decrement than Early Birds. All participants' data collection was done during normal 
business hours, many of which occurred in the morning hours, which could suggest that Night 
Owls might not have been fully awake (perhaps near a low point in their circadian cycle). Future 
research on this topic might fmd it useful to record time of day of each session, the number of 
hours of sleep the few days before, sleeping and rising times, subjective ratings of sleep quality, 
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5.0 CONCLUSION
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